INTRODUCTION
Recently, the interest of industry in polymers containing condensed heterocycles has grown significantly because of their interesting electrophysical properties [1] [2] [3] . A wide range of requirements are laid down for these polymers, including thermal stability, solubility in organic solvents, the capability of film formation, and others. Of significant interest are polyimides, including polyperyleneimides (PPIs), since their spectrally luminescent properties make it possible to rely upon the production of films with interesting optical and electrophysical properties [4, 5] . The difficulty of producing such polymers lies in the poor solubility of perylene-3,4,9,10-tetracarboxylic acid dianhydride (PTCD) [5, 6] . Furthermore, PTCD is a monomer with low reactivity, which, in particular, is due to the relaxed state of the six-membered anhydride ring [7] . In the literature, mention is made of the synthesis of PPIs based on PTCD [6, 7] with the use, as nucleophilic comonomers, of diamines, the structure of which determines improved solubility of the polymers produced; of synthesis with the use of the modification of PTCD with acid chloride functional groups [8] [9] [10] or the introduction into the PTCD of bulky substituents promoting an improvement in the solubility of polymers based on it [11, 12] . The main disadvantage of these syntheses is the need to use solvents such as m-or p-cresol in the synthesis of PPIs based on PTCD and 1,12-diaminododecane [6] , based on peryleneimide-containing diamine and aromatic dianhydrides [9] , and based on modified phenoxy, 4-tertbutylphenoxy, and sulphophenoxy groups of PTCD [11, 12] . To improve solubility, use was made of m-or pchlorophenol in synthesis based on PTCD and aromatic diamines containing flexible or rigid fragments [7] , and also a mixture of m-cresol with o-dichlorobenzene in the synthesis of bis-N-aminoimides on the basis of PTCD, capable of reacting with aromatic dianhydrides [10] . In all the above syntheses, the process was carried out at fairly high temperatures of 180-215°C; the process lasted 12-20 h or more (in [10] it was shortened by using a more acidic and high-boiling solvent -p-chlorophenol). A possible way of overcoming these difficulties is the tribochemical method of synthesis, enabling the synthesis to be carried out at room temperature in the absence of solvents. The present work is devoted to a study of the possibility of the tribochemical synthesis of products based on 4,4′-diaminodiphenyl oxide (DADPO) and PTCD, and to the production of oligomeric products and soluble macromonomers for use in the subsequent synthesis of copolymers.
EXPERIMENTAL
DADPO is a white crystalline substance with a melting temperature T m of 188-190°C. PTCD is a crimson powder with a molecular weight of 392. It is soluble only in concentrated sulphuric acid. It melts, with decomposition, at a temperature of ~400°C.
The monomers were predried in a vacuum oven. Tribosynthesis was carried out on a microsphere mixer making it possible to vary load and speed in a wide range. The working part of the mixer consists of two steel discs with touching planes of the helical type. The material to be comminuted was subjected to pulverisation at intense shear forces. The catalyst used was a mixture of T/32 benzoic acid (BA) with benzimidazole (BIA) in a molar ratio of 1:1. Syntheses were carried out with two molar ratios of the components: (a) DADPO/PTCD/BA/BIA = 1:1:1:1; (b) DADPO/PTCD/BA/BIA = 3:1:2:2.
Synthesis was carried out under a load of 1 kN with a rotational speed of 30 rpm. The duration of friction was varied from 20 to 80 min. Before charging into the friction cell, the components were thoroughly stirred beforehand by spatula. The products of mechanosynthesis were purified with acetone.
PROCEDURE FOR THE TRADITIONAL SYNTHESIS OF PPIS BASED ON OBTAINED MACROMONOMER I AND DADPO
The reaction was carried out in the traditional solvent, phenol, in the presence of a catalyst, benzoic acid, in an argon flow. All components in equimolar ratios (macromonomer I/DA/benzoic acid = 1:1:1) in dry form were charged into a flask equipped with a stirrer and an argon feed system. After heating to 80°C, the system became homogeneous. Then, the reaction was carried out with stepped heating to 160°C over a 16 h period. The solution thickened gradually. The polymer was precipitated with methanol.
RESULTS AND DISCUSSION
In the course of the study, it was of interest to study the possibility of tribochemical synthesis in a micromixer. The synthesis of imide structures based on PTCD and DADPO was selected for investigation.
Earlier [7, 13] an investigation was made of the possibility of producing polyperyleneimides based on PTCD and diamines containing a central hexafluoroisopropylidene group combined with methyl and hydroxyl substituents in the o-positions to the amino groups, and also tetranuclear diamines containing two ether bonds combined with central isopropylidene and hexafluoroisopropylidene groups. Along with the use of such expensive diamines, it was necessary to carry out reactions in p-and m-chlorophenols at 215°C. In connection with this, the mechanochemical synthesis of polyperylene imides based on PTCD offers serious technological advantages: it dispenses with the use of high-boiling solvents and with heating to high temperatures. band, the intensity of which amounts to about 25% of the intensity of the 1773 cm -1 band and which belongs to the imide group. After 40-80 min of tribotreatment, the intensity of the 1360 cm -1 band , which characterises the imide bond, increases, reaching roughly 75%. An appeciable increase in the number of imide bonds may indicate that, in the course of tribochemical synthesis, it was mainly product 1 that was formed. Increase in the duration of the reaction led to an increase in the amount of partially or fully cyclised structures. This was confirmed by the elemental composition of the compounds obtained ( Table 1) . Table 1 makes it possible to assume that, after 20 min of tribosynthesis, in the reaction product, along with a certain amount of imide and amidoimide compounds corresponding to formulae 5-8, a considerable amount of PTCD was retained, which was due to the incomplete conversion of the monomers. Increase in the tribosynthesis time to 40 min made it possible to achieve a significantly more complete conversion of the initial compounds. Here, the reaction products, it seems, were mainly compounds including structures 5 and 6. Indirect confirmation of assumptions of this kind is provided by the viscosity characteristics. Thus, a specimen synthesised for 20 min dissolves in a mixture of tetrachloroethane and 
Analysis of the data in
After 20 min of synthesis, on account of incomplete conversion, the main reaction proucts may be low-solubility compounds 7 and 8, while oligomeric and polymeric compounds corresponding to structures 5 and 6 are formed with increase in the duration of tribosynthesis. Reduction in the carbon content after increase in the mechanosynthesis time to 80 min may be due to increase in degradative and oxidative processes.
The results obtained indicate an important feature of the mechanointeraction of PTCD and DADPO, which consists in the fact that, at the intermediate stage, products are formed that contain mainly polyamino acid fragments, whereas, in the course of the traditional synthesis of PTCD with fluorine-substituted diamines in m-and p-fluorophenols [7] , it is practically only a peryleneimide ring that is formed. Such a course of the reaction in the traditional synthesis was confirmed using IR spectra in which bands with absorption maxima in the 1666-1709 cm -1 regions characteristic of carbonyls of the peryleneimide ring were observed. Furthermore, in the IR spectra of the products, a pronounced maximum was observed in the region 1340-1360 cm -1 which likewise characterises the peryleneimide ring.
Thermomechanical tests were carried out on specimens obtained at 20, 40, and 80 min tribosynthesis (Figure 2) . For a specimen synthesised for 20 min at a temperature above 70°C, considerable expansion is observed: 10.5% at 200°C and 31.5% at 360°C (Figure 2, curve 1) . It can be assumed that expansion of the specimen is connected with the actively occurring process of cyclisation. Furthermore, as indicated by data of IR spectra (Figure 1) and Table 1 , in the composition of the product after 20 min of interaction, a considerable content of PTCD was retained, which was capable of interacting, in the process of thermomechanical tests, with the components of tribosynthesis. Increase in the duration of tribochemical synthesis to 40 min led to the production of a product that is deformed little in the entire region of investigated temperatures (20-400°C) (Figure 2, curve 2) . Increase in the synthesis time to 80 min again led to considerable expansion of the specimen in the 100-400°C temperature range (Figure 2, curve 3) . In this case, along with the process of cyclisation, a considerable contribution to the thermomechanical properties is possibly made by degradative processes, the role of which increases with increase in the tribosynthesis time.
The obtained polyimides have good solubility in the mixture of tetrachloroethane with phenol (3:1) and possess good film-forming properties. When cast onto a metal substrate, a strong coating is formed which, after heating, acquires high hardness (~15 MPa).
It must be pointed out that the PPIs obtained earlier by the traditional method [13, 14] had a reduced viscosity of 0.11-0.68 dl/g.
As can be seen from the given data, the PPIs obtained were probably a mixture of tribosynthesis products. In connection with this, a different, two-stage path for synthesis of perylene-containing polymers was proposed: in the first stage, tribosynthesis of the macromonomer was carried out, and in the second stage the synthesis of a perylene-containing polymer by traditional technology was carried out.
For this, the tribosynthesis of macromonomer I was conducted with a triple excess of DADPO. The yield was 70%. The production of the macromonomer was based upon the need to produce a final highly soluble polyimide (Scheme 1). In the IR spectra of macromonomer I (Figure 3 , curve 1) there are 1772, 1758, 1741, 1729, 1720, 1700, 1663, 1577, 1357, and 1175 cm -1 bands, which is characteristic of carbonyl groups of anhydride, amino acid, and imide fragments.
In the next stage, macromonomer I was used in the traditional synthesis of polyheteroarylenes.
The traditional synthesis of polyheteroarylenes with perylene fragments is normally carried out in a mixture of chlorophenol and phenol at a temperature above 210°C for 12 h. Owing to the use of the macromonomer, it proved possible to carry out the reaction in the traditional solvent, phenol, at a temperature of 160°C. It must be pointed out that, normally in the course of the traditional synthesis, it is not possible to realise stage II, and the final product is cyclised polyimide III. This is due to the high temperature of the reaction (>210°C) when the reaction is carried out in chlorophenol [7] . The use of the macromonomer made it possible to lower appreciably the synthesis temperature to 160°C, which enabled perylenecontaining amino acids to be obtained.
The scheme for the synthesis of a copolymer based on macromonomer I and 3,3′,4,4′-diphenyl oxide tetracarboxylic acid dianhydride (DFO) is as shown in Scheme 2.
The polymer obtained is soluble in a mixture of tetrachloroethane and phenol, has a reduced viscosity of 0.15 dl/g, and forms transparent bright-red films. The polymer yield is ~100%.
From the nature of the IR spectrum of the copolycondensation product of macromonomer I and DPO (Figure 3, curve 2 ) in the region 1750-1600 cm -1 , and also in the region 1300-1100 cm -1 , it can be assumed that in the structure of the copolymer there are amino acid and imide groups.
Data of elemental analysis (Table 2) indicate that, in the course of synthesis, the production of a copolymer containing units 1 and 2 is most likely. It is known that the six-membered naphthylimide ring is less stressed [7] than the five-membered phthalimide ring, and, on account of this, is energetically more favourable. Therefore, it can be assumed that, in the course of the traditional synthesis, it is mainly naphthylimide structures that are formed, and also phthalimido acid fragments (structure 2, Table 2 ).
The thermomechanical curve 1 (Figure 4 ) of the obtained polyamino acid makes it possible to note that, in the 20-140°C range, uniform deformation of the specimen occurs, and, even in the 140-180°C region, a sharp increase in deformation is observed, which is due to softening of the polyamino acid and to rearrangement of the structure during imidisation. As a result, above 200°C, an area is formed that characterises the stability of the polyimide obtained. The nature of the thermomechanical curves changes considerably after pressing at 250 and (Figure 4, curves 2 and 3 respectively) . A specimen pressed at 250°C (Figure 4, curve 2) has a lower deformation in the temperature range 20-320°C. The maximum deformation amounts to 31%. Moulding of the specimen at 350°C (Figure 4, curve 3 ) leads to the most stable and lowest deformation. In the course of further heating to 400°C, the specimen expands by 18%, which may be due to final cyclisation. Gradual increase in the rigidity of the structure with increase in compression moulding temperature leads to the production of a specimen with small deformation.
The results of thermomechanical tests correlate well with data of elemental analysis and IR spectroscopy. Thus, heating of the copolycondensation product to 400°C led to a considerable reduction in the hydrogen content, and also to an increase in the carbon and nitrogen content, which may be due to the process of final cyclisation. A comparison of the elemental analysis of two specimens was made. The first of them, after synthesis, was heated to 400°C, and the second was pressed beforehand at 250°C and then heated to 400°C (specimens 6 and 7, Table 2 ). Comparison of the data of elemental analysis showed that prepressing at 250°C does not lead to any significant changes in the composition of the specimen. It can be assumed that final cyclisation with the formation of imide structures occurs at temperatures above 250°C. Here, compounds corresponding to structures 2 and 3 can be formed. Furthermore, in the opinion of a number of authors [15] , in polyimides at high temperatures, the formation of a structural network can occur as a result of interchain isomeric transformations. Under these conditions, structures of type 4 ( Table 2) can be formed, which leads to the complete loss of solubility of the specimen.
In the course of thermomechanical tests, the temperature was raised from 20 to 400°C, the structure of the copolymer could change. Analysis of the IR spectrum of the specimen heated to 400°C (Figure 3, curve 3 ) makes it possible to observe the disappearance of the 1757, 1742, 1729, and 1720 cm -1 peaks and a considerable reduction in the intensity of the 1774 cm -1 peak from 110% of the intensity of the 1700 cm -1 peak for the initial copolymer to 42% of the intensity of the 1700 cm -1 peak for the copolymer heated to 400°C. Comparison of the intensity of the 1359 cm -1 peak with a peak intensity of 1700 cm -1 indicates that, after heating to 400°C, the relative intensity of the 1359 cm -1 band increases from 95 to 100%. On the basis of these data it can be assumed that, in the course of heating to 400°C, amino acid groups of the copolymer undergo partial cyclisation.
Thus, in the course of tribochemical interaction of PTCD with DADPO in a micromixer, perylene-containing polyamino acids were obtained. Increase in the duration of synthesis leads to the formation of imide structures. The use of a perylene-containing macromonomer obtained in the course of tribosynthesis with a PTCD/DADPO molar ratio of 1:3 in traditional synthesis made it possible to simplify the reaction of copolycondensation through the use, as the solvent, of phenol instead of chlorophenol, and to lower the synthesis temperature to 160°C. A polymer with a reduced viscosity of 0.15 dl/g, forming transparent bright-red films, was obtained.
